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The  kinesin  KIF5  transports  neuronal  cargoes  into  axons  and  dendrites.  Isolated  KIF5  motor  domains
preferentially  move  into  axons,  however  KIF5  binding  to  GRIP1  or gephyrin  drives  the  motor  into  den-
drites, to deliver  AMPA  receptors  (AMPARs)  or glycine  receptors  (GlyRs),  respectively.  At  postsynaptic
sites,  gephyrin  forms  a multimeric  scaffold  to anchor  GlyRs  and  GABAA receptors  (GABAARs)  in  apposition
to  inhibitory  presynaptic  terminals.  Here,  we  report  the  unexpected  observation  that increased  intracel-
lular calcium  through  chronic  activation  of  AMPARs,  steers  a newly  synthesized  gephyrin  fusion  protein
(tomato-gephyrin)  to axons  and  interferes  with  its normal  delivery  into  dendrites  of  cultured  neurons.
Axonal  gephyrin  clusters  were  not  apposed  to  presynaptic  terminals,  but  colocalized  with GlyRs and
neuroligin-2  (NLG2).  Notably,  functional  blockade  of  glycogen  synthase  kinase-3  (GSK3)  and  KIF5  nor-
malized  gephyrin  missorting  into  the  axonal  compartment.  In  contrast,  mutagenesis  of gephyrin  S270, a
GSK3  target,  did  not  contribute  to axo-dendritic  sorting.  Our  data  are  consistent  with  previous  observa-ABAA receptor
euroligin
MPA
SK3
inesin
IF5
orting
tions,  which  report  regulation  of  kinesin  motility  through  GSK3  activity.  They  suggest  that  GSK3  regulates
the  sorting  of  GlyR/gephyrin  and  NLG2  complexes  in  a KIF5-dependent  manner.
©  2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).ntroduction
Gephyrin is a multifunctional protein that binds different
ytosolic and transmembrane proteins in neurons (Dumoulin et al.,
009; Kneussel and Betz, 2000; Sassoe-Pognetto and Fritschy,
000). The majority of gephyrin localizes at postsynaptic sites and
lusters inhibitory glycine receptors (GlyRs) and GABAA receptors
GABARs) in apposition to presynaptic terminals (Kirsch and Betz,
995; Moss and Smart, 2001). Gephyrin clustering depends on
alcium inﬂux through L-type calcium channels, following depo-
arization (Kirsch and Betz, 1998), whereas the number or size of
ephyrin clusters is regulated by neuronal activity (Niwa et al.,
012) and involves the kinases ERK and GSK3 (Tyagarajan et al.,
013), known to act downstream of synaptic transmission (Seo
t al., 2007).
∗ Corresponding author. Tel.: +49 40741056275.
E-mail address: matthias.kneussel@zmnh.uni-hamburg.de (M.  Kneussel).
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ttp://dx.doi.org/10.1016/j.ejcb.2015.01.005
171-9335/© 2015 The Authors. Published by Elsevier GmbH. This is an open access artic
http://creativecommons.org/licenses/by-nc-nd/4.0/).At postsynaptic sites, gephyrin has been shown to interact with
neuroligin-2 (NLG2), a cell adhesion molecule that mediates trans-
synaptic interactions with presynaptic neurexins (Poulopoulos
et al., 2009). Consistent with a functional interaction of gephyrin
and NLG2, neurons lacking the GABAR2 subunit display a loss of
gephyrin and NLG2 clustering (Fritschy et al., 2012).
Besides its major function as a postsynaptic organizer, gephyrin
is a cargo adaptor that regulates post-Golgi transport, by bridg-
ing vesicular GlyRs and the microtubule motor proteins KIF5 and
dynein (Maas et al., 2006, 2009).
Little is known about the sorting of newly synthesized gephyrin.
In young cultured neurons, gephyrin has been detected in axons
(Craig et al., 1996), however at later stages, it is mainly restricted to
the somatodendritic compartment (Colin et al., 1996). Application
of nocodazole or microinjection of KIF5-speciﬁc antibodies inter-
fered with the post-Golgi delivery of gephyrin into dendrites of
mature cultured hippocampal neurons (Maas et al., 2009), indicat-
ing that gephyrin uses microtubule-dependent kinesin transport
to reach the cell periphery. KIF5 motors in general participate in
the sorting of different cargo molecules such as synaptic vesicle
le under the CC BY-NC-ND license
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roteins (VAMP2) into axons and neurotransmitter receptors
GluA2) into dendrites (Hirokawa et al., 2010). At the axon initial
egment (AIS), a selective ﬁlter for axonal entry has been proposed,
hich depends on the transport efﬁcacy of KIF5 motors and their
ndividual cargoes attached (Song et al., 2009). In fact, axon entry
f the dendritic KIF5 cargo GluA2 was much lower, as compared to
he axonal KIF5 cargo VAMP2, however whether regulation of sor-
ing and macromolecule ﬁltering depends on changes in neuronal
ctivity, is currently barely understood.
In this study we used a tomato-gephyrin fusion protein to mon-
tor the sorting of newly synthesized protein, immediately after the
xpression of ﬂuorescent particles. Our data suggest that KIF5 regu-
ates gephyrin sorting by a mechanism that involves GSK3 activity.
esults and discussion
ncreased calcium following chronic AMPAR activation reversibly
educes gephyrin clusters in dendrites
In cultured neurons, endogenous gephyrin is mostly associated
ith the MAP2-positive somato-dendritic compartment from day
 in vitro (DIV5) onward (Colin et al., 1996) and is mainly local-
zed at subsynaptic and perisynaptic regions (Lorenzo et al., 2004).
o study a potential role of neuronal activity and Ca2+ increase in
he sorting of gephyrin between axons and dendrites, we aimed
o use neuronal cultures at later stages. At DIV11, neurons are
haracterized by spontaneous activity (Bacci et al., 1999), express
he classical pre-and postsynaptic markers (Dumoulin et al., 2000)
nd display differentiated axonal and dendritic compartments
Supplementary Fig. 1A). To circumvent the technical limitation
hat newly synthesized gephyrin is indistinguishable from for-
erly synthesized protein at this stage, we expressed a ﬂuorescent
ephyrin fusion protein (tomato-gephyrin) and deﬁned the time-
oint of transfection as 0 min. Time series revealed detectable
uorescent gephyrin signals at about 5 to 7 h after transfection.
t 8 h after transfection, tomato-gephyrin formed discrete clusters
estricted to the somato-dendritic compartment and colocalized
ith endogenous gephyrin and the presynaptic vesicle marker
V2 (Supplementary Fig. 1B and C). Expression of the ﬂuorescent
omato-gephyrin fusion protein did not cause a massive overex-
ression, but led to distinct gephyrin signals, similar as identiﬁed
y immunostaining of endogenous protein (compare with Fig. 2A,
upplementary Fig. 1B).
Supplementary Fig. 1 related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.ejcb.2015.01.005.
Activation of AMPARs had been previously shown to affect the
ubcellular distribution of gephyrin (Maas et al., 2009). To exam-
ne the targeting of newly synthesized tomato-gephyrin molecules
pon AMPAR activation, we chronically applied 20 M AMPA
etween 2 and 8 h post transfection to the neuronal cultures. AMPA
eceptors desensitize within milliseconds after ligand binding (Sun
t al., 2002), but recover from this depression in the tens of mil-
isecond time range via surface membrane diffusion (Heine et al.,
008). Ca2+ imaging with the Ca2+ indicator FURA-2 conﬁrmed that
his protocol induced an increase in Ca2+ levels by about 100% (max-
mum at 5 min: 146 ± 14.5%, n = 20, p < 0.001) (Supplementary Fig.
D and E).
Under control conditions, tomato-gephyrin entered the den-
rites and formed typical clusters 8 h post transfection (30.3 ± 2.0
lusters/100 m neurite, n = 56 cells) (Fig. 1A, upper left and B). In
ontrast, upon AMPAR activation, the number of tomato-gephyrin
articles that reached the dendritic periphery were signiﬁcantly
educed (18.3 ± 1.3 clusters/100 m,  n = 62 cells, p < 0.001) (Fig. 1A
ower left and B) (Maas et al., 2009). This effect was speciﬁc,
ince application of 10 M of the AMPA receptor antagonist DNQXf Cell Biology 94 (2015) 173–178
did not interfere with the sorting and/or delivery of gephyrin
fusion protein (26.0 ± 3.4 clusters/100 m,  n = 61 cells) (Fig. 1A,
upper right and B). Notably, washout of AMPA, followed by a
12 h recovery period, normalized the subcellular distribution of
tomato-gephyrin, leading to the typical gephyrin cluster distribu-
tion, as detected in dendrites of control cells (control: 30.1 ± 2.1
clusters/100 m,  n = 22 cells; washout: 27.7 ± 1.6 clusters/100 m,
n = 27 cells) (Fig. 1A lower right and C). These data suggest that
increased Ca2+ levels, following AMPA receptor activation, tem-
porarily induce downstream activity-dependent mechanisms that
interfere either with the sorting or the delivery of somatic gephyrin.
Since gephyrin clustering at postsynaptic sites has been dis-
cussed in the context of GSK3 activity (Tyagarajan et al., 2011,
2013), we repeated this assay in the presence of a GSK3 blocker.
Application of 2 mM  lithium chloride (LiCl) (Beaulieu et al., 2004)
partially reversed the effect of AMPA (Fig. 1D and E, control:
34.5 ± 3.2 clusters/100 m,  n = 8 cells; AMPA: 19.6 ± 2.1 clus-
ters/100 m,  n = 10 cells; LiCl: 26.7 ± 1.8 clusters/100 m, n = 12
cells), similar as seen upon AMPA receptor blockade through DNQX
(compare with Fig. 1B). Also 5 M of the GSK3 inhibitor GSK-IX
(Ibrahim et al., 2011) partially normalized the reduced delivery
of tomato-gephyrin into the neurite periphery (Fig. 1F and G,
control: 26.0 ± 1.0 clusters/100 m,  n = 10 cells; AMPA: 15.5 ± 1.1
clusters/100 m,  n = 10 cells; GSK-IX: 21.6 ± 1.8 clusters/100 m,
n = 11 cells). These data are consistent with GSK3 acting as a down-
stream kinase, following AMPA receptor activation (Nishimoto
et al., 2009) and suggest that this pathway negatively regulates
gephyrin targeting.
Chronic AMPAR activation induces missorting of gephyrin into
axons
Notably, we made the unexpected observation that increased
Ca2+ levels, following AMPAR activation not only hindered newly
synthesized tomato-gephyrin to enter dendrites (Fig. 2A and B,
crossed arrow), but led to prominent clustering along the axon
(Fig. 2B, arrowhead).
Axonal gephyrin immunoreactivity has been described in imma-
ture cultured hippocampal neurons younger than DIV8, whereas
in more mature neurons gephyrin was found to be mainly den-
dritic (Craig et al., 1996). To distinguish the initial axon from initial
dendrites, we  immunostained tomato-gephyrin-expressing neu-
rons with an antibody against ankyrin G, an axon initial segment
(AIS) marker (Fig. 2C, green channel). Consistent with the literature,
quantiﬁcation of tomato-gephyrin signals of untreated neurons
revealed just a very low number of puncta in the AIS of DIV 11/DIV
12 neurons (3.8 ± 0.8 clusters/100 m,  n = 20 cells) (Fig. 2C and D).
In contrast, chronic application of 20 M AMPA increased the
number of tomato-gephyrin clusters in axons by more than 500% of
control values (20.7 ± 1.9 clusters/100 m,  n = 39 cells; p < 0.0001)
(Fig. 2C and D). Since AMPA was applied prior to the detectable
expression of the ﬂuorescent fusion protein, we conclude that
axonal tomato-gephyrin clusters were not redistributed from the
dendrites, but derive from newly synthesized somatic gephyrin
molecules that underwent missorting.
Axonal tomato-gephyrin colocalizes with the inhibitory GlyR and
neuroligin 2 at non-synaptic sites
Gephyrin not only mediates synaptic functions, but also reg-
ulates non-synaptic processes in molybdenum cofactor (MoCo)
biosynthesis (Smolinsky et al., 2008; Stallmeyer et al., 1999)
and motor protein transport (Maas et al., 2006, 2009). To
assess the nature of axonal gephyrin, we  analyzed colocalization
of tomato-gephyrin clusters with some postsynaptic gephyrin-
binding partners in the presence of AMPA.
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Fig. 1. Activation of AMPA receptors and inhibition of GSK3 affects the targeting of tomato-gephyrin into neurites. (A–C) Under control conditions (A, upper left), tomato-
gephyrin forms clusters across the neurites. Activation of AMPA receptors interferes with normal tomato-gephyrin targeting into the neurite periphery (A, lower left). This
effect is not detected upon AMPA receptor blockade with the AMPA receptor antagonist DNQX (A, upper right) and is normalized upon drug washout followed by a recovery
period  (A, lower right). (D–G) Blockade of the kinase GSK3 through either LiCL or GSK-IX inhibitor normalizes the reduced number of tomato-gephyrin clusters in the neurites,
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Co-immunostaining of tomato-gephyrin-expressing neurons
ith antibodies speciﬁc for ankyrin G and the glycine receptor
GlyR) 1-subunit, surprisingly revealed precise colocalization of
omato-gephyrin puncta with the GlyR in distal axons (Fig. 3A).
uantiﬁcation of axonal GlyR puncta under control conditions
etected 14.5 ± 1.6 clusters/100 m axon (n = 18 cells). Interest-
ngly, this number also turned out to be signiﬁcantly increased
24.3 ± 1.7 clusters/100 m axon; n = 20 cells; p < 0.001) when
0 M AMPA was chronically applied according to the above
rotocol. Live cell immunostainings against the GlyR 1-subunit
sing unpermeabilized conditions further conﬁrmed that axonal
lyR puncta, in colocalization with axonal tomato-gephyrin sig-
als, represent cell surface receptors (Fig. 3A). In addition, axonal
omato-gephyrin clusters were identiﬁed in colocalization with
euroligin 2 (NLG2) in distal axons (Fig. 3B). Notably, none of the
omato-gephyrin puncta were found in apposition to SV2-positive
resynaptic terminals, indicating that they were located outside of
ynapses (Fig. 3C).Together, our data suggest that activity-dependent mechanisms
following AMPAR activation, impact the sorting of newly syn-
thesized tomato-gephyrin molecules and are sufﬁcient to trigger
missorting of gephyrin into axons. Axonal gephyrin in turn overlaps
with surface membrane GlyRs and NLG2.
Functional blockade of GSK3 or the kinesin KIF5 normalize axonal
gephyrin missorting independent of the GSK3 target residue S270
in gephyrin
Kinesin motor proteins and in particular KIF5, which transports
gephyrin (Maas et al., 2009), have been implicated in polarized
transport and axo-dendritic sorting (Song et al., 2009). A selective
ﬁlter for cytoplasmic transport has been proposed at the axon ini-
tial segment, which depends on the transport efﬁcacy of KIF5-cargo
complexes (Song et al., 2009).
Since GSK3 is known to regulate kinesin-1 (KIF5) (Dolma
et al., 2014), mainly through phosphorylation of kinesin light
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Fig. 2. Activation of AMPA receptors causes missorting of tomato-gephyrin into
axons. (A and B) Arrow: normal distribution of tomato-gephyrin clusters across the
dendritic tree. Crossed arrow: reduced number of tomato-gephyrin clusters upon
activation of AMPA receptors. Arrowhead: missorted axonal tomato-gephyrin clus-
ters  in the presence of AMPA. (C and D) Quantiﬁcation of tomato-gephyrin clusters
in  axons identiﬁed by ankyrin G immunostaining. The number of axonal clusters
increases by more than 500% upon chronic activation of AMPA receptors. Scale bars:
10  m (*** p < 0.001). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 3. Axonal tomato-gephyrin clusters colocalize with gephyrin binding part-
ners at non-synaptic sites. (A) Axonal tomato-gephyrin clusters colocalize with
GlyRs that are inserted in the neuronal plasma membrane (live cell immunostain-
ing). (B) Axonal tomato-gephyrin clusters colocalize with neuroligin-2. (C) Axonal
tomato-gephyrin clusters do not colocalize with the presynaptic marker SV2. Arrow-
heads indicate surface GlyR, tomato-gephyrin or neuroligin-2 signals, respectively.
Crossed arrows (green) indicate the absence of SV2-positive presynaptic terminals.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web  version of this article.)
Fig. 4. (A and B) Axonal missorting of tomato-gephyrin is induced by activation of
AMPA receptors and can be normalized by functional inactivation of GSK3 and KIF5
motor function. Axons are identiﬁed by Ankyrin G immunostaining (see Supple-
mentary Fig. 1F). (C) As reported in the literature, blockade of GSK3 reduces the size
of  gephyrin clusters. This effect is also visible at tomato-gephyrin clusters identiﬁed
in  axons (*** p < 0.001; ** p < 0.01).
chains (Cantuti Castelvetri et al., 2013; Morﬁni et al., 2004), we
asked whether functional blockade of either GSK3 or expression
of a dominant-negative KIF5 deletion mutant had the poten-
tial to reverse axonal missorting of tomato-gephyrin induced
through AMPAR activation. While chronic activation of AMPA
receptors repeatedly led to a signiﬁcant increase in the number
of axonal gephyrin clusters (Fig. 4A and B and Supplemen-
tary Fig. 1F, control: 4.3 ± 0.6 clusters/100 m axon, n = 38 cells;
AMPA: 18.3 ± 0.7 clusters/100 m axon, n = 48 cells), the com-
bined application of 20 M AMPA together with 10 M GSK-IX
partially normalized this effect (Fig. 4A and B and Supplemen-
tary Fig. 1F, AMPA + GSK-IX: 13.4 ± 1.0 clusters/100 m axon, n = 41
cells). Similar results were obtained when a functionally inac-
tive dominant-negative KIF5 protein (KIF5dn), lacking its motor
domain (Maas et al., 2009), was  coexpressed with tomato-gephyrin
in the presence of 20 M AMPA (Fig. 4A and B and Supplemen-
tary Fig. 1F, AMPA + KIF5 dn: 12.8 ± 0.9 clusters/100 m axon,
n = 36 cells). Remarkably, a complete normalization was  obtained
by combining GSK3 and KIF5 inactivation (Fig. 4A and B and
Supplementary Fig. 1F, AMPA + GSK-IX + KIF5 dn: 5.0 ± 0.7 clus-
ters/100 m axon, n = 41 cells), suggesting that GSK3 regulates the
axo-dendritic sorting of gephyrin in an activity-dependent and
KIF5 motor protein-dependent manner. In parallel, the presence
of GSK3 inhibitor slightly reduced the size of tomato-gephyrin
clusters (Fig. 4C, AMPA: 0.64 ± 0.03 m2, n = 45 cells; AMPA + GSK-
IX: 0.52 ± 0.03 m2, n = 40 cells), thereby conﬁrming previous data
studying aggregate formation of gephyrin (Tyagarajan et al., 2013).
Control experiments conﬁrmed that the GSK3 target residue
serine 270 in gephyrin, implicated in postsynaptic cluster reg-
ulation, does not contribute to gephyrin sorting, since neither
a phospho-minus mutant (gephyrin S270A), nor a phospho-
mimicking mutant (gephyrin S270E) altered the number of axonal
L. Rathgeber et al. / European Journal of
Fig. 5. (A, B) Mutagenesis of S270 in gephyrin, known to be a GSK3 target residue,
cannot normalize tomato-gephyrin missorting into axons, induced through AMPA
receptor activation. This suggests that serine 270, although it regulates cluster size
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ncompare with Fig. 4C), does not contribute to axonal gephyrin sorting. S270A: non-
hosphorylatable mutant; S270E: phospho-mimicking mutant. Axons are identiﬁed
y Ankyrin G immunostaining (see Supplementary Fig. 1G) (*** p < 0.001; ** p < 0.01).
ephyrin clusters in the presence of AMPA (Fig. 5A and B
nd Supplementary Fig. 1G, control: 2.3 ± 1.2 clusters/100 m
xon, n = 3 cells, AMPA: 24.5 ± 3.2 clusters/100 m axon, n = 11
ells, gephyrin S270E: 5.2 ± 1.0 clusters/100 m axon, n = 18 cells,
ephyrin S270E + AMPA: 18.7 ± 1.3 clusters/100 m axon, n = 16
ells, gephyrin S270A: 2.6 ± 0.5 clusters/100 m axon, n = 12 cells,
ephyrin S270A + AMPA: 21.3 ± 1.8 clusters/100 m axon, n = 21
ells).
The kinesin KIF5 may  therefore be a GSK3 target to sort and
eliver gephyrin into the somato-dendritic compartment.
onclusions
In summary, the present study provides evidence that axo-
endritic sorting of gephyrin undergoes activity-dependent regu-
ation. With respect to the GlyR, gephyrin mediates a dual function
y acting as a cargo adaptor in motor protein transport (Maas et al.,
006, 2009) and by forming a postsynaptic scaffold essential for
eceptor anchoring (Feng et al., 1998; Kirsch et al., 1993). The kinase
SK3 contributes to both mechanisms. In fact, GSK3 regulates
IF5 transport via phosphorylation of kinesin light chain (Cantuti
astelvetri et al., 2013; Dolma et al., 2014; Morﬁni et al., 2004) and
ontrols gephyrin clustering via phosphorylation of gephyrin S270
Tyagarajan et al., 2011, 2013). Our data show that serine 270 is
ot involved in axonal missorting of gephyrin, whereas functional Cell Biology 94 (2015) 173–178 177
blockade of GSK3 and KIF5 normalizes axonal targeting of gephyrin.
We further made the unexpected ﬁnding that axonal gephyrin
clusters colocalize with surface membrane GlyRs and neuroligin-
2, although clusters were not apposed to presynaptic terminals.
This indicates that gephyrin-GlyR and/or gephyrin-neuroligin-2
interactions can in general form independent of a synaptic con-
tact. Whether gephyrin mediates a physiological role in axons is
presently unclear. We  therefore interpret that the extent of axonal
tomato-gephyrin clusters seen in this study primarily reﬂects mis-
sorting, since the applied chronic stimulation of neurons through
AMPA is a non-physiological trigger. Nevertheless, the results
uncover the diverse roles of GSK3 and the sorting of gephyrin, GlyR
or neuroligin transport packets in the formation of the postsynaptic
neurotransmitter apparatus. They are consistent with models that
show a role for collybistin as a critical factor upstream of gephyrin
anchoring (Soykan et al., 2014). Although gephyrin has been infre-
quently reported in axons (Craig et al., 1996), chandelier cells in the
parahippocampal cortex contain a number of symmetric inhibitory
synapses at and close to the axon initial segment (Soriano et al.,
1993). Future studies will therefore have to characterize the post-
synaptic proteins at axo-axonic inhibitory synapses in the adult
brain. It will be interesting to ask whether gepyhrin mediates an
activity-dependent or compensatory role at this subcellular region.
Materials and methods
Constructs and antibodies
To generate tomato-gephyrin, the gephyrin cDNA was released
as a HindIII-BamHI fragment from mRFP-gephyrin (Maas et al.,
2006) and subcloned into the ptdtomato-C1 vector. The result-
ing fusion protein contains an N-terminal ﬂuorescent tag referred
to as tomato-gephyrin. The correct sequence was veriﬁed by
dideoxy sequencing. Antibodies: mouse anti-gephyrin mAb7
(1:300, Synaptic Systems, Göttingen, Germany), rabbit anti-
gephyrin ALX210-400 (1:200, Enzo Life Sciences, Farmingdale, NY),
rabbit anti-ankyrin G (1:300; Santa Cruz Biotechnology, Dallas,
TX), mouse anti-GlyR mAB2b (1:100, Synaptic Systems, Göttin-
gen, Germany), mouse anti-neuroligin-2 (1:200, Synaptic Systems,
Göttingen, Germany), mouse anti-SV2 (1:200, Hybridoma Bank,
University of Iowa, IA).
Cell culture and transfection
Primary cultures of hippocampal neurons were prepared from
neonatal (E16 or P0) mice or rats as described (Heisler et al., 2011).
60,000 to 110,000 cells were seeded per coverslip. Neurons were
transfected at DIV11 using a calcium phosphate precipitation pro-
tocol (Heisler et al., 2011). Transfection was  deﬁned as time point
0 min. 2 h after transfection, drugs were applied for a 6 h period, as
indicated. After 8 h cells were processed for immunocytochemistry.
Immunocytochemistry and quantiﬁcation
Cultured hippocampal neurons were ﬁxed in 4% PFA/4% sucrose
in PBS (10–12 min). After blocking with 5% (w/v) donkey serum,
containing 0.25% Triton-X-100 (20 min) cells were incubated with
primary antibodies at 4 ◦C (90 min  or overnight), washed in PBS
and incubated with secondary antibodies for 1 h at RT (Heisler et al.,
2011). Images were acquired with a Yokogawa Spinning Disk Imag-
ing system combined with a Nikon Eclipse Ti microscope (Visitron
Systems, Puchheim, Germany) or an Olympus FluoView 1000 con-
focal microscope (Olympus, Hamburg, Germany). For quantitative
analysis the Volocity software 5.4 (Demo Version, Perkin Elmer,
Waltham, MA)  or the MetaMorph Software 7.1 (Universal Imag-
ing, Downingtown, PA) were used. Statistical analysis was  assessed
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ith the Student’s t-test using Microsoft Excel (Microsoft, Red-
ond, WA). For statistics comparing more than two groups, the
ne-way ANOVA followed by Bonferroni post hoc test was applied.
a2+ imaging
Changes in intracellular calcium concentrations were analyzed
sing DIV12–DIV14 cultured hippocampal neurons. For loading the
ells, culture medium was replaced by fresh neurobasal containing
.5 M FURA-2. After a 20 min  incubation period at 37 ◦C, medium
as removed and the coverslip transferred into a dish contain-
ng 1.5 ml  pre-warmed ACSF. Imaging and analysis was  performed
sing an Olympus Fluoview FV1000 MPE  (Olympus, Hamburg,
ermany) and the imaging software Olympus xcellence (Version
.1, Olympus soft imaging solutions GmbH, Munich, Germany). A
0× (N/A 1) water objective was used for images acquisition at
7 ◦C. The ratio of emission at 510 nm after 340/380 nm excitation
as determined. After recording baseline Ca2+ levels, 500 ml  ACSF
ith a ﬁnal concentration of 20 M AMPA (control: H2O) was  added
o the recording chamber. Recording times were 30 min, each.
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